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Abstract In this paper, we provide a model which optimizes the allocation of electricity
generation systems, in terms of their number and location, in a disaster relief camp. The
objectives that this model takes into account are minimization of the total cost of the project
and prioritization of those generation systems that perform favourably. Energy and specif-
ically electricity plays an important role in the provision of essential needs like lighting,
water purification, heating, ventilation and medical care for displaced people. Disaster relief
camps are commonly considered as off-grid projects, so individual generation and control
systems are the main means of electrification. To support decision makers in electrification
planning for temporary and semi-temporary camps, we propose a bi-objective integer linear
programming model. The performance evaluation of technologies such as fuel generators,
wind turbines and solar panels is conducted with an MCDM (VIKOR) approach. The model
is applied on a hypothetical but realistic map site with data regarding commercially avail-
able equipment. The better performance of solar panels regarding the evaluation criteria
have made them the dominant applied source of renewable electricity generation system and
together with application of micro-grids in the model they have proven to reduce the cost of
generation significantly. However, installing fuel generators have been found necessary for
facilities which can cause a remarkable damage in case of electricity interruption. The model
is promising in helping relief aid agencies to design an electrification project with minimum
cost and maximum utility.
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1 Introduction
Conflict and disasters are the main causes of forcible people displacement. Conflict refers
to man-made armed engagement and disasters refer to natural catastrophes ranging from
floods to drought and earthquakes. The common thread between them is that they damage
the infrastructure that supports people’s livelihood by the destruction of house-stock or the
interruption of necessary provisions such as those of clean water; energy; sanitation; and
food.
By the end of 2016, a record number of 65.3 million people are forcibly displaced from
their homes, and 34.000 more people are added to this list daily. 21.3 million of these people
are recognised refugees and approximately half of those with refugee status are coming
from only three countries; Syria 4.9 m; Afghanistan 2.7 m; and Somalia 1.1 m. Temporality
is a significant parameter as it defines the time length of the displacement as well as the
appropriate responses regarding humanitarian aid action (UNHCR (United Nations High
Commissioner for Refugees) 2017). While the leading causes of people displacement are
identified as military conflicts and natural disasters it is important to acknowledge the role of
climate change in exacerbating and intensifying the problem and affecting the length of their
displacement (Arnall and Kothari 2015). It is estimated that, since 2008, 22.5 million people
are displaced annually because of climate and weather-related disasters, and this particular
segment of displaced people is growing faster than any other category (IDMC (Internal
Displacement Monitoring Centre) 2015).
Such events draw the attention of media and the public worldwide and grow awareness
of organizations and governments to develop methods and solutions to prevent the casualties
or damages firstly, and secondly, perform relief operations with maximum efficiency. In the
immediate aftermath relief operation, response time in rescuing and providing aid to injured
victims is number one priority (Safar 1986). However, following the first shock, victims need
to be accommodated in camps as refugees, which is when complex decisions must be taken
in order to coordinate action and transform this acute issue into a multi criteria problem.
While most displaced people are being hosted in areas nearby their original homes
sometimes, when they flee major disasters, they find shelters further away. The main refugee-
hosting countries are in the MENA region (39%), Africa (29%) and Asia and Pacific (14%).
Only 6% of refugees are hosted in Europe and 12% in the Americas. Hosting conditions in
most cases consist of temporary, semi-permanent and long-term settlements of light container
type buildings and tents. As well as logistics and medical equipment, rudimentary infras-
tructure facilities and means of energy supply are among substantial problems to consider.
Un-interrupted access to electricity is a determining factor as it can support all the other
activities and urgent or essential operations (Malekpoor et al. 2017) at a number of different
scales (Pappas and Chalvatzis 2017; Pappas et al. 2017). Providing an optimal solution to
electricity generation problem in a disaster relief camp regarding the position and distribution
of the generation systems is extremely necessary for both residents and camp officials.
The areas available for hosting displaced people are often poorly connected to electricity,
water, gas and communications utilities and even road transport may be limited. Even in
major disasters i.e. floods and earthquakes, which happen in well-connected areas the disaster
event can damage access to utilities and transport services. However, lifesaving equipment,
hospitals and sanitation facilities need reliable, consistent power supply. This is by no means
a niche domain of marginal interest. It is estimated that the energy costs for displaced people
exceed $2bn annually and this cost is growing every year due to the larger number of people
in need (Chatham House 2015). At the same time, the way energy is provided in temporary
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and semi-temporary settlements leads to energy shortage with knock-on effects on clear
water supply; food storage; safety; basic thermal comfort; and communications. The results
of inadequate energy supply are felt in all life aspects of the most vulnerable people (Lehne
et al. 2016).
Therefore, off-grid energy provision can be instrumental in making these camps suitable
for hosting people. Off-grid power refers to the generation that is not connected to a robust
transmission network and can include microgrids which distribute electricity a set of con-
sumers or stand-alone generators supplying a single consumer. Energy supply in isolated
systems is generally considered as the most vulnerable in terms of supply security (Chal-
vatzis and Ioannidis 2017a; Ioannidis and Chalvatzis 2017). Thus, the main objective of this
paper is to present an optimization model of an off-grid electricity system which provides
the optimal types and capacity of generation systems and their location within the camp; by
taking into account the cost of generation as well as utility of the generation systems to meet
the multiple required expectations and needs of the camp residents. Furthermore, the system
needs to be modular to respond to a range of different size camps.
The needs that must be met vary depending on the size of camps, their expected service
duration and the time in which they should be installed. However, they generally include
residencies with heating and cooling; indoors and outdoors lights; capacity to charge basic
ICT equipment which even though requires low power is very important to users (Pothitou
et al. 2016, 2017). Moreover, camps may have basic cooking and food storage facilities as
well as medical units of varying capacity.
Several different technologies can be generally used for off-grid electrification and specif-
ically for the electrification of disaster relief camps. These include various types of fuel
generators; renewable energy technologies such as wind turbines and solar panels. These
types of generators can be used independently or in combined hybrid systems and they can
also be paired with energy storage systems. Their main characteristics are described below.
1.1 Fuel generator
Fuel generators are being used for power supply in numerous occasions. Fuel generators are
used in various emergency relief scenarios, grid connected backup systems and to off-grid
base-load generation. It is almost impossible to compete with fuel generators on a levelised
cost of electricity basis (Salehin et al. 2011). While the mass production leads to lower Fuel
generator cost, there are substantial drawbacks in their use for emergency relief camps. Their
main vulnerability is the fact that they require fuel to run. Disaster zones, whether natural or
man-made are usually hard to access due to damages to the logistics infrastructure, hazardous
routes or being in a remote geographical location. Thus, the logistics operation of continuously
carrying enough fuel to these locations can be a significant challenge. Additionally, burning
fossil fuels causes high level of greenhouse gas emissions (Kaldellis et al. 2004) and other
air pollutants (Spyropoulos et al. 2005; Kaldellis et al. 2006; Kaldellis and Chalvatzis 2005).
Also, this type of generators commonly produces loud noise and can be disturbing during
continuous operation.
1.2 Wind turbine
Wind energy is one of the most environmentally friendly energy sources available today.
With no need for any type of fuel wind turbines have a considerable advantage over fuel
generators. However, wind intermittency and wind speed variability make the use of wind
turbines a challenge, especially in a fragile grid system. Energy storage and the combination
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of wind turbines with other generators in hybrid systems can be an appropriate solution
(Zafirakis et al. 2015). At the same time, it might be difficult to co-locate wind turbines
and a disaster relief camp because of inherently different objectives. Ideally, a camp with
temporary constructions and even tents should be in a sheltered area whereas a wind turbine
should be exposed to wind.
1.3 Photovoltaic system
PV cells benefit from a very low maintenance cost as there are no moving parts. Also, due to
their geometry and size, their logistics and warehouse operations offer flexible deployment
when compared to other types of generators. Moreover, operating without creating any noise
and pollution gives them a unique advantage. However, they are only functional on daylight
and so they should be functioning alongside a storage system to provide a consistent elec-
tricity supply (Zafirakis et al. 2014). High capital cost relative to other generators can be a
disadvantage for PV cells even though their costs have dropped dramatically over the past
decade (Mundada et al. 2016).
1.4 Hybrid energy systems
Renewable energy sources are sufficient to cover the whole existing and growing energy
demand. However, due to the stochastic nature of these resources, their electricity production
can be intermittent or variable. This variability does not coincide for all renewable energy
sources. Therefore, a renewable energy hybrid system offers a better option than a single
source system in terms of cost, reliability and efficiency (Sinha and Chandel 2015). Integrating
multiple systems, using different sources of energy to power electricity demand is called
hybrid energy system (HES). HES can be a combination of renewable energy as well as fossil
fuel generators (or any other conventional systems) with or without the use of energy storage
which can be stationary with large batteries or mobile with electric vehicles (Hofmann et al.
2016). Integration of several systems together can be beneficial in the way that each system
compensates drawbacks of other systems (Zafirakis and Chalvatzis 2014). However, utilizing
HES efficiently and developing a stable and feasible configuration, requires the optimization
of their combined systems; a task that involves many complexities due to economic, technical
and environmental parameters.
This manuscript is structured as follows: following this brief introduction, a literature
review on the problem and methodologies is provided in Sect. 2. Section 3 explains the
methodologies that were used. After that, in Sect. 4 the model is being introduced and
configuration of an individual off-grid electricity generation system is explained. Section 5
demonstrates the efficiency of the model in a case study and the results are further discussed in
Sect. 6. Finally, in Sect. 7, we provide the concluding remarks and future research suggestions.
2 Literature review
Humanitarian relief is a reactionary provision of critical supplies of immediate needs for
victims through the process of mitigating through disasters (Darcy and Hofmann 2003). This
includes aid for serious and unexpected natural or man-made disasters as well as reconstruc-
tion and rehabilitation to maintain or improve quality of life of the victims during and in the
aftermath of disasters or emergencies (Smith and Petley 2008, p. 73). Humanitarian logistics
and supply chain are the recent focus of growing scientific and managerial literature related to
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Disaster Relief Operations (DRO). This can include logistics network restoration (Holguín-
Veras et al. 2012; Ransikarbum and Mason 2014, 2016; Ahmadi et al. 2015) and logistics
planning and supply chain design (Mete and Zabinsky 2010; Jin et al. 2015; Kaur and Singh
2016; Charles et al. 2016; Vanajakumari et al. 2016; Fahimnia et al. 2017). Furthermore, facil-
ity location which relates directly to logistics system designs and is defined as a key decision
area in disaster relief operation has been considered by different researchers (Yushimito et al.
2012; Rennemo et al. 2014; Duhamel et al. 2016; Roh et al. 2015; Paul and MacDonald
2016). In addition to Logistics and Supply Chain, provision of medicine and medical care,
during and after the occurrence of a disaster has been considered by many researchers. As
a significant and sensitive area, there has been a considerable number of papers in medical
resource allocation (Xiang and Zhuang 2016; Sung and Lee 2016; Mohamadi and Yaghoubi
2017) and Scheduling of medical services (Rauner et al. 2012; Lei et al. 2015).
A significant body of literature focuses on operations necessary for relief activities during
the immediate post-disaster operations. However, we should take into account the importance
of continuous electricity supply essential to implement a great number of aforementioned
operations and this supply have to be established promptly. Moreover, through disasters,
people lose their home, workplace, infrastructure facilities, essentials to satisfying their basic
human needs, and are dependent on governments, agencies and related organizations. This
dependency can be a short-term or long-term situation. As an example, in 1992 South Florida,
the hurricane Andrew destroyed around 47,000 homes. Approximately 3500 victims were
housed in FEMA trailers established in 12 parks as temporary shelter until they got their
permanent homes. Many of them lived in those trailers for more than 2 years and reported
various social as well as health-related troubles (Edward Rappaport 1993). To these displaced
people provision of electricity is necessary to provide security, healthcare, lighting and even
education. The absence of electricity or delay in setting of the electricity provision equipment
can significantly damage the human activities and makes the displaced people vulnerable to
a wide range of distress. At the opposite end, electricity provision has a great potential to
improve resilience for isolated communities (Hills et al. 2018).
Most often energy supply is organised at a national or regional level and historically secu-
rity of supply has been guaranteed around the concept of state control over power generation
(Chalvatzis and Rubel 2015; Chalvatzis 2009). However, these concepts do not fit the needs
of off-grid generation which can be better fitting in the diversity paradigm of energy security
(Chalvatzis and Ioannidis 2017b). Mandelli et al. (2016) compared the off-grid and small
scale electricity production system with other available options for rural and remote areas
and concluded the most appropriate option for providing electricity to isolated areas, with
often poor infrastructures and services, is off-grid electrification. The role of small scale-
generators in off-grid electrification and specifically renewable generators, is increasing due
to the unique advantage they offer. Decreasing the cost of transmission, reliable energy pro-
duction, increased security and decreased vulnerability during accidents and environmental
and social concerns can be counted for the increasing trend of small-scale generator popular-
ity (Pepermans et al. 2005; Gulli 2006; Karger and Hennings 2009; Rae and Bradley 2012).
An important problem to be dealt with in this area is that of configuration, allocation and
optimal sizing of the generators. In other words, which generators of different types with
how much capacity should be installed in which location of the area under development.
This problem should be solved in a way that allows the development of a stand-alone system
based on renewable energy sources at the lowest economic and environmental cost (Siddaiah
and Saini 2016).
As previously explained, allocation and optimal sizing of generators, in a disaster relief
camp, is a subset of stand-alone and off-grid electricity optimization problem. A significant
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body of literature in this domain is related to finding the best choice of electricity sources
and optimizing the size and the mixed share of the sources for a specific load (Zafirakis
et al. 2016). Abedi et al. (2012) developed a model which considered a system with sev-
eral widely-used generators in off-grid systems, including wind turbines, PV panels, fuel
cells, electrolysers, hydrogen tanks, batteries, and diesel generators. By applying differential
evolutionary algorithm they solved a mixed-integer nonlinear multi-objective optimization
problem with optimum monthly tilt angles of PV panels, optimum tower height for wind tur-
bines and optimum sizing of each of the model components. Kolhe et al. (2015) investigated
the optimal sizing and components for an off-grid electrification project in a remote village
in Sri Lanka. All the calculations and sensitivity analysis were performed with HOMER
software. A combination of PV-solar cells, wind turbines and a few diesel generators were
selected as the optimal configuration. HOMER has been widely used in simulation of off-grid
system sizing (Peerapong and Limmeechokchai 2017; Shahzad et al. 2017; Chaichan et al.
2016; Singh et al. 2015; Sen and Bhattacharyya 2014; Ghasemi et al. 2013).
Hocaog˘lu et al. (2009), applied loss of load probability methods (LLP) in the Eskisehir
region in Turkey, to obtain optimum battery capacity, together with the optimum number
of PV modules and wind turbines subject to minimum cost. Merei et al. (2013), developed
a model which optimized the size of wind turbines and PV generators and selected the
appropriate type of battery for Aachen region in Germany by minimizing the operation cost
and considering the demand satisfaction of the region. Then, they re-run the model for a region
in Syria to compare the results for two regions with different weather input data. Maleki et al.
(2016), analysed optimal sizing of a hybrid system of photovoltaic, wind and battery based
on the cost of the system by particle swarm optimization (PSO) technique and considered
the uncertainty in demand, irradiation and wind speed with Monte Carlo simulation.
When it comes to allocation of facilities and modelling problems with discrete variables,
Mixed Integer Programming (MIP) has proven to be a very efficient technique (Veerapen
et al. 2015). MIP has been applied in a wide range of domains and successfully facilitated the
process of decision making and discrete optimization, including logistics and supply chain
(Diabat and Al-Salem 2015; Demirel et al. 2016); health-care scheduling (Kim and Mehrotra
2015; Bagheri et al. 2016); and transportation (Wang et al. 2013; Omer and Farges 2013). MIP
has been applied in energy and in particular electricity planning widely. Medina et al. (2013),
presented a mixed-integer linear programming approach to find out the optimal type, size and
allocation of distributed generators in a radial distribution system. However, they developed
the model based on one objective function and only considered the minimization of the cost.
Ferrer-Martí et al. (2013), developed a model for allocation of PV panels and wind generators
in a remote area in Peru. They solved the model by both integer linear programming and
binary linear programming and compared the results in terms of final solution and running
time of the models. Moreover, for the first time, they considered the application of micro
grids and isolated systems as well as each other for off-grid electrification. Their approach
used single objective model and only considered the fixed cost of equipment installation.
There has only been limited research investigating the electrification of a disaster relief
camp and mostly their focus is on the technologies that can be used for resilience or technical
equipment and the engineering issues related to them (Uchida et al. 2012; Abbey et al.
2014; Janko et al. 2016). Salehin et al. (2011) obtained the share of electricity generation
among various generator types for an emergency energy module to be used in post-crisis
disaster relief camps. The optimization and simulation process was performed by HOMER
and for sensitivity analysis, they included two locations with different wind speed and solar
irradiation profile. The objective of their work was to meet the demand for the minimum
cost.
123
Ann Oper Res
To the best of our knowledge, there has been no research proposing a model for designing
an isolated off-grid electrification system for a disaster relief camp. Therefore, the unique
characteristics, essential to the task, such as the integration of individual systems and micro
grids are not adequately explored in conjunction.
3 Hybrid approach of BOILP and VIKOR for off-grid energy supply
In this section, the overall proposed solution to electricity generation equipment allo-
cation in a disaster relief camp is explained and the methodologies applied in this
manuscript are reviewed. In this paper, we put forward a bi-objective integer linear
programming (BOILP) to allocate available generators to consumption points, while
minimizing the total cost of system components and maximizing the utility value of
available generators. We obtain the utility value of each generator, with MCDM eval-
uation between the most common generator types (solar PV, wind and fuel) used in
emergency relief camps. The MCDM evaluation is performed by VIKOR technique
to give an advantage to the generator which has the closest performance to the ideal
performance. At the same time, it considers and eliminates potential very low per-
formance of an alternative against a certain criterion. The MCDM evaluation results
were used as the utility score in the BOILP model and allowed the reduction of the
number of objective functions and the inclusion of non-quantifiable criteria into our
problem. Moreover, by reducing the number of objective functions computation time
was reduced significantly and it improved the model and precision of the results.
Figure 1 shows the proposed solution procedure for disaster relief camp electrification
design.
Considering Criteria for MCDM evaluationStep 1
Assigning importance weights to criteriaStep 2
Performing the VIKOR evaluation and obtaining resultsStep 3
Creating Objective functions by considering costs of components 
and utility scores obtained from MCDM approach
Step 4
Adding required constraints to the modelStep 5
Solving the BOILP and calculating the Pareto optimal of the 
problem
Step 6
Fig. 1 The integrated VIKOR-BOILP approach
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3.1 Methodology
To evaluate the alternatives options in our problem (single generator types), we applied
VIKOR, a MCDM technique, which presents several advantages. VIKOR considers a high
ranking for the nearest alternative to our hypothetical ideal solution, while it also tries to
avoid the alternative which has an exceptionally weak performance in respect to one of the
criteria despite satisfactory performance in all other criteria. The latter can be very important
in electrifying remote or difficult to access areas as preventing potential liabilities is an
important feature of disaster relief camps. Thereafter, our final result is obtained through
solving an optimization problem of multi objective integer linear programming.
3.1.1 VIKOR
VIKOR method is a MCDM technique which introduces the multi-criteria ranking index
based on the particular measure of “closeness” to the “ideal” solution (Opricovic 1998).
VIKOR is developed to rank alternatives in the presence of conflicting criteria through com-
promise programming of MCDM. Consider various alternatives as
{
A1, A2, . . . , A j
}
and j
is the number of those alternatives. fi j is the value of alternative j for the i th criterion, and
DM  [ fi j
]
is the decision matrix. The compromise ranking method could be reviewed as
follows:
(a) Determine the best solution as f ∗i and the worst solution as f −i so that:{ f ∗i  max j fi j , f −i  min j fi j i f cri terion (i) belongs to bene f i t f unction
f ∗i  min j fi j , f −i  max j fi j i f cri terion (i) belongs to cost f unction
(1)
(b) Compute the values of S j and R j for j  1, 2, . . . , n by Eqs. 2 and 3:
S j 
n∑
j1
wi
( f ∗i − fi
)
/
( f ∗i − f −i
) (2)
R j  maxj
[
wi ( f ∗i − fi )/
( f ∗i − f −i
)] (3)
(c) Compute the values Qi for i  1, 2, . . . , m by Eq. 4:
Qi  υ
[
Si − S∗
S− − S∗
]
+ (1 − ν)
[
Ri − R∗
R− − R∗
]
(4)
In Eq. 4, S∗  min j S j , S−  max j S j and R∗  min j R j , R−  max j R j ;
Also, υ is introduced as a weight for strategy of maximum group utility, the resolving coeffi-
cient, therefore (1 − υ) is the weight for individual regret. While (υ > 0.5) the ranking will
be representing the majority role and if (υ < 0.5) the effect of the worst individual opponent
will be highlighted more in the ranking.
(d) Rank alternatives based on values Qi. The smaller the Q is in value, the better rank
alternative i has among other options.
(e) In addition to having the min Qi, propose alternative A1 as compromised solution if the
following conditions are satisfied:
C1: This condition is named “acceptable advantages”:
Q (Am) − Q (A2) ≥ DQ,
123
Ann Oper Res
where A2 is the second best alternative and DQ  1/ ( j − 1), j is number of alter-
natives.
C2: This condition is named “acceptable stability in decision making”:
Alternative A1, which is best in the overall ranking, should also be best when ranked by
S or R.
Therefore, if condition 2 is not satisfied alternatives A1 and A2 would be selected as
compromised solution and if condition 1 is not satisfied alternatives A1 till Am would be
selected for minimum m thus: Q (Am) − Q (A2) ≥ DQ.
3.1.2 Bi-objective integer linear programming (BOILP)
Multi-Objective Integer and Mixed Integer Linear programming (MOILP/MOMILP) is effec-
tive in numerous cases with models which incorporate discrete events or optimizing facilities
which require separated equipment. However, only a limited number of models for solv-
ing MOILP, compared to multi-objective linear programming (MOLP), with continuous
variables, have been developed and applied (Alves and Clímaco 2007). Introducing integer
variables to an optimization problem makes it much more complex. Bi-objective integer pro-
gramming (BOIP) is a particular type of MOIPs in which the number of objectives is two.
The BOIP problem can be defined as:
Min f1 (x) ;
Min f2 (x) ;
s.t. Ax ≥ B
xX,
Model (1)
where X is a set of feasible values for variables in which all x j for all { j  1, 2, . . . , n} is
a positive integer. A is a set of coefficients for variables in the constraints and B is a set of
lower bounds for the required constraints.
The most widely used method for solving BOIP is the weighted ε-constraint method,
which can be programmed as a single objective Integer Programming problem. Because of
availability of efficient software for solving single objective Integer Programming problems,
it can be applied to large problems with large number of variables. In Pareto bi-objective
integer optimization the optimal result corresponds to a set of non-dominated solutions.
Through applying weighted ε-constraint method a set of non-dominated optimal solutions
can be obtained. The concept of efficiency or non-dominance in multi-objective (mixed)
integer programming is defined as usually for multi-objective mathematical programming
(Alves and Clímaco 2007). For a minimization objective function:
A solution x ′ ∈ X is efficient non-dominated if and only if there is no x ∈ X that makes
fi (x) ≤ fi
(
x ′
)
and fi (x) < fi
(
x ′
)
for at least one i .
A solution x ′ ∈ X is not efficient if and only if there is no x ∈ X that makes fi (x) < fi
(
x ′
)
for all i  1 and 2.
In order to obtain the non-dominated optimal Pareto set of a BOIP, in weighted ε-constraint
method we introduce an additional constraint to the single objective weighted sum of all
objectives. This constraint imposes an upper bound on one of the objectives.
Min f1 (x) + w f2 (x) ,
s.t. f2 (x) ≤ U2,
Ax ≥ B,
xX,
Model (2)
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U2 is the upper bound of f2 (x) and the weighted ε-constraint method starts to create non-
dominated solutions by setting U2 as the maximum available value for f2 (x) and then by
reducing U2 to lower bound of f2 (x), to generate the non-dominated Pareto. The solution
of the weighted ε-constraint method problem with w  1U2−L2+1 provides an upper bound
on f2 (x) values of all bi-objective efficient solutions for a specified U2 value (Özlen and
Azizog˘lu 2009). Therefore, the aforementioned problem can be transferred to the following
model:
Min f1 (x) +
(
1
U2−L2+1
)
f2 (x) ,
s.t. f2 (x) ≤ U2,
Ax ≥ B,
xX,
Model (3)
The stepwise procedure of weighted ε-constraint method can be described as follows:
Step 1 Obtain lower and upper bound of f2 (x) , L2 and U2.
Step 2 Set U2 as obtained upper bound of f2 (x) in step 1 and w as 1U2−L2+1 .
Step 3 Solve model 3. Stop if the problem is infeasible.
Step 4 Store the optimal solution x∗ as one of the non-dominated solutions.
Step 5 let U2  f2 (x∗) − 1.
Go to step 3.
The first optimal solution obtained by the aforementioned procedure returns the lower bound
of f1 (x), called L1, and upper bound of f2 (x), called U2. The last solution obtained returns
the upper bound of f1 (x), called U1, and lower bound of f2 (x), called L2. Each iteration of
the above procedure returns an efficient non-dominated solution.
4 Problem design
As previously explained our proposed electrification scheme is based on a hybrid model
where an individual generation system or a combination of generation systems can be allo-
cated to a certain consumption point. Moreover, each consumption point can be supplied
independently or by connecting several consumption points to form a micro-grid and supply
them collectively. For each consumption point, there is a battery with adequate capacity to
reduce the risk of interruption due to the intermittent power supply. Even fuel generators need
to be paired with energy storage since the products used for this case study cannot be used for
more than a few hours continuously. Basic demand side management technology is provided
in all consumption points to control the system’s stability. However, due to the existence of
this device in all our consumption points, we omitted it from our mathematical model. The
mathematical programming, required considerations and assumptions for our design model
are explained below.
4.1 Mathematical model
In this manuscript, we propose a model to optimize the design of an off-grid electrification
project by using independent generators, in a hybrid or individual formation. The aim of
this model is to provide electricity for a disaster relief camp by considering different types
of wind turbine, solar PV and fuel generators. Decision variables and indices used in the
mathematical model are:
123
Ann Oper Res
L Number of consumption points including residential areas,
school, water purification facility, administration, hospital, stor-
age areas etc. The different types of generators will be allocated
in these places.
DisL H Distance between two consumption points of L and H (H  L)
DeL Electricity demand at consumption point L
CWw Cost of a wind turbine, type w
C Pp Cost of a solar PV module, type p
C Dd Cost of a fuel generator, type d
C Bb Cost of a battery, type b
CVv Cost of a unit length of a wire type v
CapBb Capacity of battery, type b in kWh
X WwL Number of wind turbines type w, installed at consumption point
L
X PpL Number of solar PV modules type p, installed at consumption
point L
X Dd L Number of fuel generator type d, installed at consumption point
L
X VL H Binary variable, determining if there is a wire connection
between point L and H or not (1 and 0 respectively)
X EW L Binary variable, determining if there is a wind turbine type w in
point L or not (1 and 0 respectively)
X E pL Binary variable, determining if there is a solar PV type p in point
L or not (1 and 0 respectively)
X Ed L Binary variable, determining if there is a fuel generator type d
in point L or not (1 and 0 respectively)
MNW Maximum number of wind turbines available at one consumption
point
MNP Maximum number of solar PV modules available at one con-
sumption point
MND Maximum number of fuel generators available at one consump-
tion point
P FL Flow of power (electricity) from any other points to consumption
point L
Arw Space (area) needed for wind turbine, type w to be installed
(related to the size of the turbine)
Arp Space (area) needed for solar PV, type p to be installed (related
to the size of the cells)
Ard Space (area) needed for fuel generator, type d to be installed
(related to the size of the generator)
M AAL Maximum allowable area for an individual or hybrid system to
be installed at consumption point L
EWw Maximum nominal electricity output of wind turbine type w
E Pp Maximum nominal electricity output of solar PV type p
E Dd Maximum nominal electricity output of fuel generator type d
ηw Efficiency of wind turbine type w
ηp Efficiency of solar PV type p
ηd Efficiency of fuel generator type d
E DeL Electricity demand at consumption point L
123
Ann Oper Res
DNL Number of hours at consumption point L that the consumption
point should rely on batteries daily
RHw Running time (hours) of the wind turbine type w
RHp Running time (hours) of the Solar PV type p
RHd Running time (hours) of the fuel generator type d
Safe Safe guarantee coefficient, which is a reliability coefficient in
percentage and determines a safety margin in case there is a
demand surge
Vmax,bL Maximum output battery voltage at consumption point L
V nH Minimum required voltage at point H (H  L)
Rv Nominal resistance of a wire, type v
I F Electrical current in our grid or system
U EL Emergency constant demand needed at consumption point L
EmWw Amount of CO2 equivalent released by wind turbine, type w for
generation of 1 kWh of electricity
Em Pp Amount of CO2 equivalent released by solar PV, type p for gen-
eration of 1 kWh of electricity
Em Dd Amount of CO2 equivalent released by fuel generator, type d for
generation of 1 kWh of electricity
Max Aem Maximum total allowable emissions by all systems for 1 h of
electricity generation
SCWw, SC Pp and SC Dd Coefficients related to evaluation scores for wind turbines of
type w, solar panels of type p and fuel generators of type d
respectively.
4.2 Objective functions
First objective function aims to minimize the cost of primary investments in generators and
required equipment. This objective function considers the generator, batteries and the wires
where there is a connection between two points and a micro grid exists.
Min Z1:
W∑
w1
l∑
L1
CWw X WLw +
P∑
p1
l∑
L1
C Pp X PLp +
D∑
d1
l∑
L1
C Dd X DLd +
B∑
b1
l∑
L1
C Bb X BLb
+
h∑
H1
l∑
L1
CVv X VL H DisL H (5)
Second objective function aims to maximize the share of the highest ranked generator. The
evaluation by VIKOR in the following section gives us the coefficients of this objective
function design variables.
Max Z2 
W∑
w1
l∑
L1
SCWw X WLw +
P∑
p1
l∑
L1
SC Pp X WLp +
D∑
d1
l∑
L1
SC Dd X WLd . (6)
4.3 Constraints
The set of constraints explained below has been defined based on specific conditions regarding
the electrification in aid relief camps.
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4.3.1 Demand satisfaction
The electricity demand in each consumption point should be satisfied by the generators which
are being allocated to that consumption point. Equation 7 guarantee that electricity supply
can meet the demand.
P FL +
W∑
w1
EWw X WwLηw +
P∑
p1
E Pp X PLpηp +
D∑
d1
E Dd X DLdηd ≥ (1 + Sa f e) E DeL
f or L  1, 2, . . . , l. (7)
4.3.2 Maximum number of generators at a location
Due to technical reasons, space restrictions and health and safety measures there is a limitation
on the maximum number of same type generators and total combination of generators that
can be installed at one consumption point. Equations 8–11 describe these constraints.
W∑
w1
X WLw ≤ M N W · X ELw f or L  1, 2, . . . , l, (8)
P∑
p1
X PLp ≤ M N P · X ELp f or L  1, 2, . . . , l, (9)
D∑
d1
X DLd ≤ M N D · X ELd f or L  1, 2, . . . , l, (10)
W∑
w1
X WLw Arw +
P∑
p1
X PLp Arp +
D∑
d1
X DLd Ard ≤ M AAL f or L  1, 2, . . . l. (11)
4.3.3 Voltage drop in grids
Equations 12–14 ensure the voltage drop within the micro grid is within acceptable standards
to control potential hazard and electrical damage to equipment. They also prevent double
allocation of any system to a consumption point when it is already part of a different micro
grid and is connected to another consumption point.
Vmax,bL − V nH ≥ 2DisL H Rv I F X VL H f or H  1, 2, . . . , h and L  1, 2, . . . , L (12)
h∑
H1
X VL H +
W∑
w1
X ELw +
P∑
p1
X ELp +
D∑
d1
X ELd ≤ 1 f or L  1, 2, . . . , l (13)
P FL ≤
h∑
H1
X VL H ×
(
W∑
w1
EWw X WwH ηw +
P∑
p1
E Pp X PH pηp +
D∑
d1
E Dd X DHdηd
)
f or L  1, 2, . . . , l .
(14)
4.3.4 Emergency backup power
In aid relief camps, there are vital facilities which require secure and uninterrupted power
supply, to avoid damage to equipment or risks for lives of vulnerable people. Fuel generators
are used to provide this backup role and compensate for the intermittent nature of renewable
energy sources (Eq. 15).
D∑
d1
E Dd X DLdηd ≥ U EL f or L  1, 2, . . . , l. (15)
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4.3.5 Sustainable electricity generation with low emissions
The environmental impact of electricity generation is also taken into consideration with the
proxy of CO2 equivalent emissions which are limited to a certain allowance (Eq. 16).
W∑
w1
l∑
L1
EmWw X WLw +
P∑
p1
l∑
L1
Em Pp X WLp +
D∑
d1
l∑
L1
Em Dd X WLd ≤ Max Aem.
(16)
4.3.6 Control the noise level for residents
Noise pollution is one more negative consequence of having power generation near residences
and other facilities. Fuel generators produce the loudest noise and wind turbines can be noisy
too depending on their technology and wind speed. Therefore, it is necessary that constraints
are in place to prevent excessive noise near residential shelters (Eq. 17).
D∑
d1
R∑
r1
X Drd  0 (17)
In Eq. 17, r  1, . . . , R are consumption points, assigned to the residential shelters.
4.3.7 Battery installation
Batteries installed in each consumption point must support the provision of adequate capacity
(Eq. 18). The balance of the system is supported by basic demand side control technologies
that enable load rejection in cases of inadequate supply.
B∑
b1
CapBb X BLb ≥
⎛
⎝P FL +
W∑
w1
EWw X WwLηw
RHw
+
P∑
p1
E Pp X PLpηp
RHp
+
D∑
d1
E Dd X DLdηd
RHd
⎞
⎠ × DNL
f or L  1, 2, . . . , l. (18)
4.4 Criteria for different systems multi-criteria evaluation
The evaluation of the different electricity generators through the second objective function
was performed based on criteria relating to various aspects of their performance. A total
number of seven criteria were initially sourced from an extensive literature review and further
elicitation by experts’ opinion. Thereafter they were used for the coefficients SCW, SC P
and SC D (Table 1).
5 Case study and data
An exemplar camp map, according to the planning and configuration of a real disaster relief
camp has been designed and coordinates have been assigned to the consumption points.
Figure 2 shows the camp map where blue boxes are residential shelters and specifications
and facilities and buildings of the camp are considered as Table 2.
The camp is designed in an area with 380 m width and 360 m in length and can accommo-
date up to 229 people. For a large-scale disaster zone, this camp can be considered arguably
small. Indeed, several disaster zones require capacity of thousands of people and in this sense,
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Table 1 Criteria and their description for MCDM evaluation
Criterion Description References
Brand reputation and credibility Reliability and after-sale support
provided by the manufacturer
Van de Kaa et al. (2014)
Risk of interruption Interruption risk due to intermittent
resource supply
Strantzali et al. (2017)
Emissions Amount of GHGs emissions for
electricity generation
Streimikiene et al. (2012)
Maintenance cost Costs related to maintenance and
keeping the equipment operational
and reliable
Kaya and Kahraman (2010)
Ease of storage for generator and
fuel provision
How easily can the equipment be
stored in case of no usage and the
ease of fuel provision process
Experts
Land use Limited area in camps, human safety
concerns and difficulties in
designing the plan of the camp
make the systems which require
less area for installation and
operation preferable
Experts
Noise production How much noise is produced during
the system’s operation
Kaya and Kahraman (2010)
it might seem that our camp case study is unrealistic. However, the value of flexibility that
modularity can offer should not be disregarded. Our aim in designing a relatively small camp
is to facilitate an overall design strategy for numerous similar adjacent camps that can be put
in place to accommodate for a large number of people and equally they can be removed when
this requirement is not there anymore. Moreover, not all disaster areas are flat and suitable
for large continuous camps. In mountainous or coastal cliff areas camps need to be small and
modular to accommodate the peculiarities of the terrain (Fig. 2).
5.1 Generator, turbine and panels
The alternatives, in terms of generation equipment, are based on expert opinions and are
among the most common and efficient electricity generation systems. Specific makes and
models vary but the ones selected represent a range of options and are typical of what is
available in the market. Clarke CP6550NESLR 6.5 and 11.25 kVA Hyundai (DG1 and DG2)
are the alternatives for fuel generators with nominal output of 6.5 and 10 kW. Sunpower E20
and Samsung LPC250SM (PV1 and PV2) are alternatives for solar PV and Bergey Excel
10 kW and Gaia-wind (WT1 and WT2) are the selected alternatives for wind electricity
generation (Table 3).
Energy storage has been considered in the form of two Lithium-Ion batteries with capacity
of 13.5 and 27 kWh and cost of £6500 and £28,560 respectively.
The hypothetical latitude for this camp has been assumed between 40° and 41° which
impacts the tilt of solar PVs (assumed to be installed in fixed configuration) and the area they
occupy. The average wind speed has been assumed based on wind trajectories near Istanbul
city and is acknowledged that it can be significantly different depending on the specific
location.
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Table 2 Facilities and buildings considered for the camp
Facility Specifications
Administration and management office One office; electricity demand: 38.5 kWh; emergency demand:
32 kWh per day
Market centre and bakery One facility; electricity demand: 42.5 kWh; emergency demand:
28 kWh per day
Health centre One treatment facility for minor injuries and advisory aid;
electricity demand: 48.5 kWh; emergency demand: 35.6 kWh per
day
Hospital One hospitalization facility with 15 beds; electricity demand:
188.5 kWh; emergency demand: 165 kWh per day
Emergency Health Centre One facility for serious injuries; electricity demand: 105 kWh;
emergency demand: 100.5 kWh per day
Water purification centre One facility for clean water provision and pumping; electricity
demand: 135.5 kWh; emergency demand: 75.5 kWh per day
Storage facilities Three storage facilities including 2 refrigeration storages and 1
warehouse; electricity demand: 11.5 and 2.16 kWh per day
respectively. Fridge storages also have emergency demand:
9.1 kWh per day
School and learning centre Two classrooms with a capacity of 40 students; electricity demand:
17 kWh; emergency demand: 8 kWh per day
Shopping centre One shopping facility; electricity demand: 12 kWh; emergency
demand: 8 kWh per day
Residential shelters 36 residential shelters with a capacity of 4 people; electricity
demand: 2.8 kWh per day
10 residential shelters with a capacity of 5 people; electricity
demand: 3.2 kWh per day
Five residential shelters with a capacity of 7 people; electricity
demand: 4.5 kWh per day
The MCDM evaluation table against the criteria explained in Sect. 4.4 was based on
available data and experts’ opinion. Further details, including the values applied to explain
the linguistic terms are available in “Appendix A”.
6 Results
To calculate the SWw , SDd and S Pp coefficients which are used in the second objective
function, based on VIKOR technique we evaluated the previously mentioned generation
options (Table 4). The smaller the Qi index, the better the expected performance of the
system.
As we need a coefficient that can increase the share of the generation system with better
performance the score coefficients are calculated as 1 − Qi .
The optimization problems have been solved by MATLAB CPLEX 12.6.1 on a computer
with core i7 quad core 3.64 GHz CPU and 32 GB RAM. According to Sect. 3.1.2 we need
an upper bound for one of the objective functions and thus the objective function related to
cost of the project (Eq. 5), has been chosen to be included in the constraints. For upper bound
of cost objective function, to obtain acceptable and applicable results (avoiding unrealistic
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Fig. 2 The configuration of a disaster relief camp for this study
Table 3 Cost of generation
systems
System DG1 DG2 PV1 PV2 WT1 WT2
Cost (£) 1618 3490 400 500 30,000 35,000
solutions), we assumed there would be no micro grid and optimize the model and calculated
the results based on that assumption. This approach significantly increases the cost of the
project as can be seen in the upper bound result for cost objective function (Table 5).
By calculating the minimum amount for cost objective function, the lower bound for this
objective function has been obtained based on Table 6.
In order to obtain the non-dominated optimal Pareto, in each iteration, started with upper
bound of cost function (based on steps in Sect. 3.1.2), U2 is subtracted by 400, which is the
least expensive generation system and thereby optimal Pareto has been obtained. “Appendix
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Table 4 VIKOR result of
systems’ evaluation System DG1 DG2 PV1 PV2 WT1 WT2
Qi 0.8592 0.957 0.015 0.108 0.8308 0.948
Table 5 Solution with no
micro-grid Type of equipment Number of equipment
Type 1 fuel generator 12 generators
Type 2 fuel generator One generator
Type 1 solar PV 109 panels
Type 2 solar PV Zero panels
Type 1 wind turbine No turbine
Type 2 wind turbine No turbine
Micro grids No micro grids
Table 6 Solution with minimum
cost of equipment Type of equipment Number of equipment
Type 1 fuel generator Seven generators
Type 2 fuel generator One generator
Type 1 solar PV Two panels
Type 2 solar PV Eight panels
Type 1 wind turbine No turbine
Type 2 wind turbine No turbine
Micro grids Seven micro grids
B” shows the solution for minimum cost, which is also the solution for our lower bound on
the maximizing score objective function.
Wind turbines have not been possible to use in the optimal Pareto solutions. A combination
of difficult and expensive installation, the high level of produced noised, the transport logistics
for parts like long towers and blades, high risk of interruption and reliability on high speed
winds, minimum wind turbine distance limitations as well as safety issues make them less
attractive for small scale, emergency settings. On the contrary, solar PV, in particular type 2
panels with higher cost and higher electricity output compared to type 1 panels, had a high
generation share in the system.
In MADM comparison both Solar PV options were evaluated significantly better than
other technologies due to their low maintenance cost and noiseless operation which can make
them suitable for use next to residences and other buildings. Furthermore, relief organizations
have to be prepared before a disaster occurs, therefore inventory and ease of transporting the
equipment to the sites is important (Zobel 2010) increasing further PV panel desirability.
Considering that different solar panels perform differently our evaluation shows that the type
1 solar PV has been assigned with better score. Along the Pareto optimal, when we sacrifice
the cost of equipment to obtain a solution with better evaluation scores, the share of the type
1 solar PV can increase as in Table 7, the solution with higher cost but maximised generation
system scores. This solution just in the case of generation systems increases the cost by
£2500. Also, the cost of used wires (considered as £3.5 per meter for this research) has
an important role regarding the position of the newly installed solar PV in approaches with
higher cost as well as higher utility score. The consumption points with higher distance to the
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Table 7 A solution in optimal
Pareto
Type of equipment Number of equipment
Type 1 fuel generator Seven generators
Type 2 fuel generator One generator
Type 1 solar PV 15 panels
Type 2 solar PV One panels
Type 1 wind turbine No turbine
Type 2 wind turbine No turbine
Micro grids Eight micro grids
main electricity generation system in a micro-grid were prioritized to be assigned with solar
panels and this caused lower total cost for the project. This behaviour further demonstrates
the robustness of the optimization model.
The decision can be adjusted based on the weights of the objective functions and the costs
that can be covered by the humanitarian aid programme. For example, if the camp will only
be a short-time temporary facility, then environmental quality parameters such as noise and
emissions can be weighted very low or almost disregarded. Moreover, if space is not an issue
then land use can be used with very low score. Furthermore, if weather conditions are mild
or there are no medical facilities that require energy, power supply reliability becomes less
important and in the criteria of risk of interruption and brand reputation and credibility can
be used with very low weight.
Equation 15, enforces the existence of a fuel generator for facilities with emergency
demand requirement and we can see throughout our Pareto-optimal solution that the electric-
ity provided by fuel generators increases as much as the utility increases. We can relate the
obligation of designing such a constraint to lack of advancement in technology of renewable
systems which necessitates the application of conventional energy generation systems. Espe-
cially, when the situation or equipment requires guaranteed continuous flow of electricity
like an emergency medical unit.
The use of individual distributed generators can cause as many problems as it may solve.
In order to support the consumption point demands, application of micro-grids can be a clever
approach (Lasseter and Paigi 2004). However due to planning restrictions in the architecture
of relief camps, we put forward an approach of several micro-grids and coupling hybrid
generation systems within the micro-grids in particular for consumption points that are being
supplied with renewable generation systems and are in high risk of interruption. In this
research, we have assumed that there could be no inner connections between micro-grids
despite their benefits for cost reduction. As an example, in a situation where the electricity
demand of two medical type, inelastic, loads need to be supplied through micro-grids without
inner connection, the use of 2 fuel generator type 1 and a generator type 2 (Fig. 3a) is the
lowest cost option available. However, with availability of inner connection between micro-
grids, a type 2 fuel generator could be replaced with a lower cost type 1 fuel generator, saving
£1872 (Fig. 3b). Linking micro-grids can make the camp installation process more complex
and increase requirements for load management equipment such as invertors and wire lines. It
may as well reduce the modularity of the camp and its capacity to grow and shrink smoothly.
Furthermore, it will be prone to more disruptive accidents and even life-threatening accidents
as it would require a higher number of live cables crossing the camp areas. Therefore, further
research would be required to look into how to incorporate internal micro-grid links and reap
the potential benefits of lower costs without compromising ease of installation and flexibility.
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Fuel Generator type 1 Fuel Generator type 2 Storage system
Health centre 
and Hospital
Health 
centre
Health centre 
and Hospital
Health 
centre
(a) (b)
Fig. 3 Comparison in a part of our problem between inner connection allowed and not allowed condition. a
Without inner connection between, b inner connection between
The emergency possible effect on low number of PV panels, however, possible cost effect
of the increase in utility maximized solutions.
7 Conclusion
We present a hybrid integrated approach of VIKOR and bi-objective integer linear program-
ming to support decision making for electrification planning within a disaster relief camp
based on an individual generator configuration. Disaster relief camps, as off-grid electrifica-
tion projects, require planning decisions about the type, quantity and location of the individual
electricity generation systems. We have considered fuel, wind and solar systems for elec-
tricity generation and designed the optimization model based on essential factors related
to disaster relief camps. Two objective functions minimize the project cost and maximize
the share of systems which obtained a better performance score through VIKOR evaluation.
These solutions not only consider the cost of the project but also several other significant
criteria which are highly effective in developing the reliability of the system, ease of instal-
lation and providing improved livelihood for the camp residents. The proposed approach of
hybrid VIKOR-BOILP can aid governmental and non-governmental organisations in charge
of responding to natural and human-made disasters to promote an optimized electrification
project effectively by considering the needs of both residents and the institution.
Further development of this model will include taking into account the parameters’ uncer-
tainties and increasing the total number and coverage of those parameters. This approach will
enable a broader range of considerations and improved overall precision. Moreover, future
research should consider the potential of creating micro-grid designs that can overcome the
uncertainty in demand and supply parameters. Overcoming the inherent challenges that dis-
aster relief camps impose such as the need for flexibility and modularity as well the very short
installation times may be the key in developing designs that will be useful for commercial
opportunities.
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Appendix A: Decision matrix for MCDM evaluation and values for linguistic
variables
See Tables 8 and 9.
Table 8 Decision matrix
Brand
reputation
and
credibility
Risk of
interruption
Emissions
(local during
operation)
Maintenance
cost
Ease of
Storage for
generator
and fuel
Land use
(m2)
Noise
Creation
(db)
Clarke CP6550NESLR
6.5 kVA
Low Medium Medium High Low 0.362 71
11.25 kVA Hyundai Low Medium High High Medium
high
0.943 70
Sunpower E20 Medium
high
Medium low 0 Low Medium
high
1.357 0
Samsung Medium Medium 0 Low Medium 1.332 0
Bergey Excel High High 0 Medium Low 1.5 42.9
Gaia-wind High High 0 High Low 2 44.6
Weight of each criterion 0.073 0.219 0.17 0.122 0.073 0.122 0.219
Table 9 Values of linguistic
terms
Linguistic term Value
High 9
Medium high 7
Medium 5
Medium low 3
Low 1
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Appendix B: Detailed numbers, type of systems and connections for
minimum cost solution
Consumption
point
1 2 3 4 5 6 7 8
Number of
systems
0 2×DG1 0 0 1×DG1
+ 1×DG2
+ 2×PV1
2×DG1 1×DG1 0
Connection to
other points
To 2 Yes To 6 To 5 Yes Yes Yes To 7
Consumption
point
9 10 11 12 13 14 15 16
Number of
systems
0 0 1×DG1 0 0 0 0 0
Connection to
other points
To 2 To 7 Yes To 2 To 2 To 2 To 2 To 2
Consumption
point
17 18 19 20 21 22 23 24
Number of
systems
0 0 4×PV2 0 0 0 0 0
Connection to
other points
To 2 To 2 Yes To 19 To 31 To 2 To 2 To 2
Consumption
point
25 26 27 28 29 30 31 32
Number of
systems
0 0 0 0 0 0 4×PV2 3×PV2
Connection to
other points
To 2 To 2 To 2 To 2 To 19 To 31 Yes Yes
Consumption
point
33 34 35 36 37 38 39 40
Number of
systems
0 0 0 0 0 0 0 0
Connection to
other points
To 7 To 7 To 7 To 7 To 7 To 7 To 7 To 7
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Consumption
point
41 42 43 44 45 46 47 48
Number of
systems
0 0 0 0 0 0 0 0
Connection to
other points
To 7 To 7 To 7 To 7 To 7 To 7 To 7 To 11
Consumption
point
49 50 51 52 53 54 55 56
Number of
systems
0 0 0 0 0 0 0 0
Connection to
other points
To 11 To 11 To 11 To 11 To 11 To 11 To 11 To 11
Consumption
point
57 58 59 60 61 62
Number of
systems
0 0 0 0 0 0
Connection to
other points
To 11 To 11 To 11 To 11 To 11 To 11
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